Abstract. As a derivative of artemisinin, dihydroartemisinin is effective in the treatment of malaria. Dihydroartemisinin has been identified to possess inhibitory effects in numerous types of animal model with tumors, indicating that it has an antineoplastic effect. The aim of the present study was to analyze the potential anticancer effects of dihydroartemisinin, particularly its effect on apoptosis of colon cancer cells. In the present study, it was identified that dihydroartemisinin inhibited cell viability, promoted cell apoptosis, increased B-cell lymphoma-2-associated X-protein expression, increased caspase-3/9 activities, decreased poly(ADP-ribose) polymerase levels, decreased phosphorylation of extracellular-signal-regulated kinase, and increased phosphorylation of c-Jun N-terminal kinase and p38 mitogen-activated protein kinase in colon cancer cells. Conversely, the phosphorylation of Janus kinase 2 (JAK2) and signal transducer and activator of transcription 3 (STAT3) was suppressed by dihydroartemisinin in colon cancer cells. These results demonstrate that the potential anticancer effects of dihydroartemisinin may increase apoptosis of colon cancer cells through targeting JAK2/STAT3 signaling.
Introduction
Colorectal cancer (CRC) is a common malignant tumor. With increasing life expectancy and ongoing changes in diet, the incidence rate of CRC is increasing each year in China (1) . Although early screening has decreased the mortality rate of patients with CRC, numerous cases are not diagnosed until the disease has progressed to the middle and late stages (2) .
Additionally, although improvements in the diagnosis and treatment of CRC have increased the 5-year survival rate of patients to a certain extent, the proliferation and metastasis of tumors still present challenges in the treatment of CRC (3) . In order to suppress the progression of CRC, inhibition of tumor metastasis, prevention of tumor spreading and recurrence, targeted interventions combined with traditional surgery, chemotherapy and radiotherapy are expected to be important tools to increase the survival rate of patients with CRC (4, 5) .
Signal transducer and activator of transcription (STAT) 3, a member of the STAT protein family, may be activated through phosphorylation by a variety of extracellular growth factors and inflammatory mediators (6) . Constitutively activated [phosphorylated (p-)STAT3] was identified in numerous tumor cell lines and a number of human tumors. p-STAT3 is significantly associated with tumor invasion and poor prognosis of CRC (6) . p-STAT3 exhibits marked expression levels in pancreatic cancer and is associated with tumor staging and metastasis to lymph nodes (6) . Janus kinase 2 (JAK2) is associated with the embryonic development of normal individuals and is widely expressed in various types of cell, catalyzing the immune responses induced by cytokines (7) . Through the change in cytokine levels and expression levels of cell membrane receptors, activated JAK2/STAT3 serves a role in two-way regulation of immune response and inflammation, and therefore may be able to enhance or inhibit an immune response (7) . The activation of STAT3 serves an important function in tumor progression, particularly in tumors associated with chronic inflammation, including inflammatory colitis-associated CRC, liver cancer and pancreatic cancer (8) . Sustained activation of JAK2/STAT3 is associated with tumorigenesis, differentiation, proliferation, apoptosis, angiogenesis, recruitment of immune cells and metastasis of tumors (9) .
Artemisinin is a sesquiterpene lactone composed of endoperoxides, which is derived from the plant Artemisia annua L. (Fig. 1 ). Artemisinin and its derivatives possess a wide range of pharmacological properties, including anti-Plasmodium, anti-schistosomiasis, antiviral and antitumor effects. As a result, artemisinin derivatives have been successfully developed into antimalarial drugs (10) . In recent years, the antineoplastic effect of artemisinin and its derivatives has Dihydroartemisinin increases apoptosis of colon cancer cells through targeting Janus kinase 2/signal transducer and activator of transcription 3 signaling become a topic of research. We previously investigated and reported on the antineoplastic effect and underlying molecular mechanism of such compounds (11) . The antineoplastic mechanism of dihydroartemisinin may be the result of its inhibitory effect on the proliferation of tumor cells through the induction of cell cycle arrest and promotion of apoptosis, as well as inhibition of angiogenesis, invasion and metastasis of tumor cells (12) . Intracellular ferrous sulfate and heme may be the targets of dihydroartemisinin, resulting in inhibition of tumor cells (12) . Since dihydroartemisinin exhibits a number of advantages including broad-spectrum antitumor effects and low toxicity to normal cells, in addition to its high efficacy in killing tumor cells with multiple drug resistance, it is possible that it may be developed into a new antitumor drug (10, 13) . In the present study, the effect of dihydroartemisinin treatment on viability, apoptosis, JAK2 levels and STAT3 levels in HCT116 cells was investigated. In addition, the effect of dihydroartemisinin treatment on levels of B-cell lymphoma-2-associated X-protein (BAX), caspase-3 and caspase-9 (caspase-3/9), poly (ADP-ribose) polymerase (PARP), p38 mitogen-activated protein kinase (p38 MAPK), c-Jun N-terminal kinases 1/2 (JNK1/2) and extracellular-signal-related kinases 1/2 (ERK1/2) in HCT116 cells was investigated in order to elucidate the underlying molecular mechanism of dihydroartemisinin-induced apoptosis.
Materials and methods
Cell culture and treatments. Human HCT116 CRC cells were purchased from the Shanghai Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and cultured in RPMI-1640 medium (GE Healthcare Life Sciences, Logan, UT, USA), with 10% fetal bovine serum (Thermo Fisher Scientific, Inc., Waltham, MA, USA), 2 mM L-glutamine (Merck KGaA, Darmstadt, Germany), 100 U/ml penicillin (Merck KGaA) and 100 µg/ml streptomycin (Merck KGaA) at 37˚C in a humidified atmosphere containing 5% CO 2 . Dihydroartemisinin was purchased from Merck KGaA and its structural formula is presented in Fig. 1 .
Cell viability assay. Cells were plated at 4x10
3 cells/well in 96-well plates and treated with 0, 12.5, 25, 50 and 100 µM dihydroartemisinin for 24, 48 and 72 h. MTT assay reagent (5 mg/ml; Beyotime Institute of Biotechnology, Haimen, China) was added to each well prior to incubation for 4 h at 37˚C. The culture medium was removed from the wells and 150 µl/well dimethylsulfoxide was added to each well for 10 min. Absorbance was measured using a Victor Light system (PerkinElmer, Waltham, MA, USA) at 490 nm with an enzyme-linked immunosorbent detector (Model 550; Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Flow cytometry. Cells were plated at 1x10 5 cells/well in 6-well plates and treated with 25, 50 and 100 µM dihydroartemisinin for 48 h. Cells were harvested using centrifugation at 1,000 x g for 5 min at 4˚C and resuspended in binding buffer (BD Biosciences, San Jose, CA, USA). Cells were incubated with Annexin V-fluorescein isothiocyanate and propidium iodide in the dark for 15 min at room temperature. Cell apoptosis was analyzed using cytometry using a FACSCalibur flow cytometer (BD Biosciences) and calculated using WinMDI 2.9 software (The Scripps Research Institute, La Jolla, CA, USA).
Caspase-3/9 activity assay. Cells were (1x10 6 cell/well) harvested using centrifugation at 1,000 x g for 5 min at 4˚C and washed with ice-cold PBS. Cells were lysed in radioimmunoprecipitation (RIPA) assay buffer (Beyotime Institute of Biotechnology) on ice for 10 min and protein concentrations were determined using a bicinchoninic acid assay (Beyotime Institute of Biotechnology). Equal amounts of protein (10 µg) were incubated with caspase-3/9 activity kits (Beyotime Institute of Biotechnology) at 37˚C for 1 h and the absorbance was measured using an enzyme-linked immunosorbent detector at 405 nm.
Western blotting. Cells were harvested after 1,000 x g for 5 min at 4˚C and washed with ice-cold PBS. Cells were lysed in RIPA assay buffer (Beyotime Institute of Biotechnology) on ice for 10 min and protein concentrations were determined using a bicinchoninic acid assay. Equal amounts of protein (50 µg) were separated by SDS-PAGE (8-10% gel) and transferred onto a polyvinylidene fluoride membrane (Bio-Rad Laboratories, Inc.). Following blocking with skimmed milk (5%) suspended in tris-buffered saline with Tween 20 overnight at 4˚C, membranes were incubated with the following primary antibodies: Anti-BAX (cat no. 5023; 1:2,000; Cell Signaling Technology, Inc., Danvers, MA, USA), anti-PARP (cat no. 9532; 1:2,000; Cell Signaling Technology, Inc.), anti-phosphorylated ERK1/2 (cat no. 8544; 1:1,000; Cell Signaling Technology, Inc.), anti-phosphorylated JNK1/2 (cat no. 9255; 1:1,000; Cell Signaling Technology, Inc.), anti-phosphorylated p38 MAPK (cat no. 4511; 1:1,000; Cell Signaling Technology, Inc.) and GAPDH (cat no. 5174; 1:2,000; Cell Signaling Technology, Inc.) overnight at 4˚C. Following washing, membranes were probed with horseradish peroxidase-conjugated secondary antibodies (cat no. 14708; 1:5,000; Cell Signaling Technology, Inc.). Protein blank was visualized using a chemiluminescence kit (Thermo Fisher Scientific, Inc.).
Statistical analyses.
Results are expressed as the mean ± standard deviation. Comparison of multiple experimental groups was performed by one-way analysis of variance followed by a post hoc Bonferroni modification of multiple comparison t-tests. P<0.05 was considered to indicate a statistically significant difference.
Results

Effects of dihydroartemisinin on the viability of CRC cells.
The anticancer effects of dihydroartemisinin on the viability of CRC cells were revealed using an MTT assay. As presented in Fig. 2 , treatment with dihydroartemisinin decreased the viability of HCT116 cells in a dose-and time-dependent manner. In particular, treatment with dihydroartemisinin significantly decreased the viability of HCT116 cells after 24, 48 and 72 h.
Effects of dihydroartemisinin on the apoptosis of CRC cells.
The anticancer effects of dihydroartemisinin on the apoptosis of CRC cells were investigated using flow cytometry.
As presented in Fig. 3 , treatment with dihydroartemisinin significantly increased the apoptotic rate of HCT116 cells in a dose-dependent manner over a 48-h period.
Effects of dihydroartemisinin on BAX and PARP expression in CRC cells.
To investigate the effect of dihydroartemisinin on BAX and PARP expression in CRC cells, BAX protein expression was evaluated using western blotting. As presented in Fig. 4 , treatment with dihydroartemisinin significantly increased BAX expression and significantly decreased PARP protein expression in HCT116 cells in a dose-dependent manner over a 48-h period.
Effect of dihydroartemisinin on caspase-3/9 activity in CRC cells.
In the present study, it was confirmed that dihydroartemisinin had an effect on caspase-3/9 activity in CRC cells.
As presented in Fig. 5 , there was a significant dose-dependent increase in caspase-3/9 activity in CRC cells as a result of treatment with dihydroartemisinin (50 and 100 µM) over a 48-h period.
Effects of dihydroartemisinin on phosphorylation of ERK1/2, JNK1/2 and p38 MAPK in CRC cells.
To determine the endogenous function of MAPK in the effects of dihydroartemisinin on CRC cells, the phosphorylation of ERK1/2, JNK1/2 and p38 MAPK was analyzed. As presented in Fig. 6 , dihydroartemisinin significantly suppressed the phosphorylation of ERK1/2, and induced the phosphorylation of JNK1/2 and p38 MAPK in HCT116 cells in a dose-dependent manner over a 48-h period.
Effects of dihydroartemisinin on phosphorylation of JAK2 and STAT3 protein expression in CRC cells.
The role of the JAK and STAT3 signaling pathway in the death of CRC cells by dihydroartemisinin was further verified using western blotting. As presented in Fig. 7 , dihydroartemisinin significantly suppressed the phosphorylation of JAK2 and STAT3 in CRC cells in a dose-dependent manner over a 48-h period.
Discussion
CRC is one of the most common malignant tumors globally. With an annual incidence of <940,000 novel cases, almost 500,000 succumb to CRC annually (14) . Among the numerous types of digestive tract cancer, CRC has the third highest incidence rate in China, second only to gastric cancer and esophageal cancer. With the increase in life expectancy of the general population, the annual incidence rate of CRC has increased by 3.9% in China since 2005, surpassing the world average of 2% (15) . Although early screening, early diagnosis and early treatment are desirable in the treatment of CRC, numerous cases are not detected until the middle and late stages, when the risk of tumor metastasis and spreading is increased (8) . The incidence and development of the majority of malignant tumors is associated with the inhibition of tumor cell apoptosis and evasion of immune surveillance (5) . The results of the present study suggest that dihydroartemisinin decreased cell viability, induced apoptosis, increased caspase-3/9 activity and upregulated BAX protein expression in HCT116 cells.
PARP, a monomer protein with a zinc-finger structure, is widely distributed in eukaryotic cells in a non-active form, and a single-stranded DNA break (SSB) or free DNA terminal is the only factor that is able to activate the enzyme, whereas NAD + is its only substrate (16) . PARP may be activated following recognition and binding to an SSB or a free end of DNA, whereby it catalyzes the synthesis of poly(ADP-ribose) (17) . In so doing, the enzyme modifies numerous nuclear proteins and enzymes following translation, thus regulating a series of molecular events in cells. As PARP is a protease with numerous important functions, it is associated with the incidence and development of a number of diseases (18) . The results of the present study suggest that treatment with dihydroartemisinin significantly suppressed PARP levels in HCT116 cell. Wang et al (19) reported that dihydroartemisinin inhibits the growth and induces autophagy of iron-loaded human myeloid leukemia via PARP expression. These results suggest that transactivated PARP, caspase-3/9 and BAX each serve a role in dihydroartemisinin-induced apoptosis in CRC cells.
The MAPK signaling pathway participates in numerous biological activities of cells with normal physiological function, including proliferation, differentiation, apoptosis and the cell cycle (20) . One previous study revealed that this signaling pathway was associated with the biological characteristics of a tumor (20) . The ERK/MAPK signaling pathway includes ERK1/2, JNK1/2 and p38 MAPK, and extracellular signals are transmitted inside cells by activating the aforementioned proteins. Thus, inhibiting even one of these molecules may inhibit the entire signal pathway, thereby inhibiting the biological effect of any associated stimulatory molecules (21, 22) . Therefore, such molecules are expected to be targets for inhibiting the signaling pathway. In the present study, it was revealed that dihydroartemisinin significantly suppressed phosphorylation of ERK1/2 and induced phosphorylation of JNK1/2 and p38 MAPK protein expression in HCT116 cells.
Zhang et al (23) reported that dihydroartemisinin induces apoptosis through the activation of JNK1/2 and p38 MAPK signaling pathways in a human gastric cancer cell line BGC-823. The aforementioned results suggest that ERK1/2, JNK1/2 and p38 MAPK activity are associated with the apoptotic effects of dihydroartemisinin in CRC cells.
STAT3 is a transcription factor which is able to enter the nucleus and bind to DNA fragments of the target gene promoter following activation, in order to regulate the expression of associated genes, resulting in biological effects (24) . STAT3 serves an important role in embryonic development and the function of normal cells (9) . The abnormal expression and activation of STAT3 was revealed in numerous types of tumor, suggesting that it may promote the development of the tumor (9, 25) . Previous in vitro experiments identified that STAT3 significantly influenced the invasion of tumor cells (26) . The results of the present study revealed that dihydroartemisinin significantly suppressed the phosphorylation of STAT3 in HCT116 cells.
In order to apply these results to the therapeutic treatment of tumors, it is necessary to evaluate a potential association between the activation of STAT3 and disease progression, whether tumors with high phosphorylation level and heterogeneity of the STAT3 tyrosine residue are more sensitive to targeted therapy, the role that other types of STATs serve in the tumor microenvironment, and whether blocking the JAK2/STAT3 signal pathway may activate other signal pathways through a crosstalk effect and thereby result in drug resistance of tumor cells (9, 27) . With the continuous improvement of in vitro and clinical tests, the JAK2/STAT3 signaling pathway is expected to become a novel target for the treatment of CRC without combination with other drugs, in order to decrease the risk of drug resistance and improve the quality of In summary, the present study demonstrated that treatment with dihydroar temisinin decreased cell viability, induced apoptosis, increased caspase-3/9 activities and upregulated BAX protein expression, which is mediated by the PARP/MAPK and JAK2/STAT3 signaling pathways.
